The acute and chronic effects of sodium nitroprusside (SNP) are well characterized for vascular smooth muscle cells (VSMC). Stimulation of soluble guanylyl cyclase (sGC) gives a rapid elevation of intracellular cGMP levels and relaxation of VSMC. The antiproliferative effect of SNP needs days to develop. In the present study human embryonic kidney (HEK 293) cells were used to study the growth after repeated exposure to SNP. A dose-dependent antiproliferative effect was evident and after 5 days with an IC 50 value of 108 µM. Cyclic GMP was able to mimic the antiproliferative effect of SNP on HEK293 cells. When cGMP (1000 µM) was added to the cell culture medium for 5 days the cell densities were reduced with 37% below baseline and cGMP in increased from 5.3 to 195 pmol/10 7 cells. The interaction with the non-selective PDE (cyclic nucleotide phosphodiesterase) inhibitor 3-isobutyl-1-methylxanthine (IBMX) was tested after three days. IBMX alone (1000 µM) reduced cell densities with 48% and elevated cGMP in (from 5.2 to 9.3 pmol/10 7 cells). The effect of 10 µM SNP was reinforced on proliferation (from 13% to 90%) and elevation of cGMP levels (from 7.6 to 13.5 pmol/10 7 cells). A corresponding effect was observed after addition of 1000 µM cGMP and 1000 µM IBMX for 3 days. The antiproliferative effect of cGMP increased from 30% to 89% and the cGMP in increased from 240 to 480 pmol/10 7 cells. However, additional mechanisms exist for the antiproliferative effect of SNP. One of these is the intracellular oxidative effect which includes production of S-nitrosoglutathione. The fall in ratios between GSH and GSSG from 260 to 85 after 100 µM SNP exposure is compatible with such a mechanism since cGMP (1000 µM) added to the culture medium did not change the ratio. This study shows that the antiproliferative effects of SNP on HEK293 cells are mediated through cGMP-dependent and cGMP-independent mechanisms. The concentration-dependent effects develop over time. HEK293 cells had an efficient ef-
flux system for cGMP and the use of inside-out vesicles (IOVs) showed high affinity ATP-dependent cGMP transport with a K m value of 2.3 µM. The antiproliferative effect of SNP was correlated to cGMP ex/in . Keywords HEK293 Cells; Growth; SNP; cGMP; IBMX; Glutathione
Introduction
The primary nitric oxide receptor is soluble guanylate cyclase (sGC) with stimulation of cGMP synthesis. In addition, nitric oxide donors like sodium nitroprusside (SNP) modulate various key-enzymes and S-nitrosylate intracellular proteins with direct effects on gene expression [1] . In pharmacotherapy, nitric oxide donors are used as vasodilators but are also believed to remodel vascular smooth muscle cells (VSMC) with a favorable effect on hypertension. Several in vitro studies have shown that SNP and similar sGC-stimulating agents inhibit growth of VSMC in a dose dependent manner [2] - [5] . The effect was explained by increased intracellular cGMP levels (cGMP in ) [2] [3] with inhibition of DNA synthesis [6] and a pro-apoptotic action, as well [4] . The idea that elevation of cGMP in gives an antiproliferative effect was substantiated after selective inhibition of phosphodiesterase activity [6] [7] . Finally, PKG activation by cGMP retards cell cycle and induces apoptosis [8] . Several studies have focused on the antiproliferative effects due to stimulated cGMP synthesis and inhibition of cGMP degradation. A third component is also involved in the biokinetics, the cellular efflux of cGMP. Members of the multidrug resistance associated proteins (MRP) are responsible for cGMP extrusion including MRP4 [9] and MRP5 [10] . The cells employed in the present study, have proved to be suitable for studies of cyclic nucleotide transport [11] [12]. In this study we characterized cell growth under the influence of cGMP elevating agents with relation to cGMP in , the transmembrane cGMP concentration ratio (cGMP ex/in ), and intracellular reduced (GSH) and oxidized glutathione (GSSG) concentrations.
Methods

Materials
SNP, cGMP and 3-isobutyl-1-methylxanthine (IBMX) were obtained from Sigma-Aldrich Co (Schnelldorf, Germany). Other chemicals were of analytical grade.
Cell Culture
HEK293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% new-born calf serum, penicillin (100 IU/ml) and streptomycin (100 µg/ml). The cells were adherent after 24 h and the culture medium including cGMP-elevating agents was replaced daily the next five days. The cells were harvested after trypsination, washed before manual counting (Burker chamber) and freezing (−22˚C).
Cyclic GMP Assays
The [ 125 I]-cGMP RIA kit (Perkin Elmer Inc., Boston, MA) was employed. The samples and standards were acetylated according to the protocol from manufacturer. For concentrations extending the linear part of the standard curve, the samples were serially diluted before reanalysis. High concentrations were also determined in a HPLC-assay with UV detection (254 nm). The equipment comprised a Dionex P680 pump and Ultimate 8000 UV detector, Thermo Fisher Scientific Inc., CA, a Waters Novapak 25 cm C18 column with a Waters Symmetry guard column (Waters Norway. Kjeller, Norway). The samples (200 µl) were mixed with 200 µl 1% (w/v) trichloroacetic acid and 50 µl internal standard (8-Br-cGMP) and adding KOH/KHCO 3 (1:1) to achieve pH 7.0. The mobile phase comprised 15% 20 mM methanol in 20 mM K 2 HPO 4 /KH 2 PO 4 , pH 6.6. The flow rate was 1.2 ml/min and temperature was 20˚C -22˚C.
3-Isobutyl-1-methylxanthine Assay
The levels of IBMX were determined in a LC-MS/MS assay (Waters Alliance 2695, Waters Corp., Milford, MA), Quattro Micro tandem quadrupole (Waters, Manchester, UK). The chromatography was performed on a 2.1 × 20 mm Waters Xterra MS C18 (3.5 µm 2.1 × 20 mm) column at 25˚C. The mobile phase comprised 50% methanol in 0.1% aqueous formic acid with a flow rate of 0.25 ml/min (isocratic). Ionization was achieved using electrospray in positive mode. Calibration curves and controls ranging from 0.5 to 32 µM were prepared by dilution of the stock solution of IBMX in culture medium or PBS. Double liquid-liquid extraction was employed to determine IBMX levels in the cell pellets and culture medium. Samples, standards and controls were prepared by adding 50 µl 100 mM H 2 CO 3 (pH 11.5) and 50 µl of internal standard (2 µM naloxone) to 100 µl of the sample. IBMX was extracted with 1 ml of n-hexane/ethyl acetate (7:3). The tubes were vortexed for 1 min and centrifuged at 3000 x g for 4 min. The organic layer (750 µl) was transferred to new tubes and mixed with 200 µl 2% formic acid before centrifugation. The aqueous layer (100 µl) was finally transferred to LC-vials and analyzed. The injection volume was set to 5 µl and the injection interval was 2 min. Quantitative analysis was done in the multiple reaction monitoring mode with the following transitions: m/z 223 to 167 and 328 to 3010 for IBMX and naloxone, respectively. The dwell time was set to 100 ms for each transition. The method showed linearity for the calibration curve with r 2 > 0.99.
Assay of Reduced and Oxidized Glutathione
To avoid oxidation of GSH after cell harvesting a blocking solution (250 µl of 60 mM NEM, 1.2% (v/v) DMSO, 152 mM NaCl, 1 mM acetic acid) was added to 500 µl cell suspension (or to GSH-GSSG standard) and incubated for 30 s. A mixture of equal volumes (250 µl) of GSH internal standard and GSSG internal standard was added and the suspension was incubated for another 30 s. Afterwards the cells were lysed by the addition of trichloroacetic acid before removal of unreacted NEM by extraction with 10 ml of dichloromethane. The water phase was collected and used for LC-MS/MS analysis. The GSH internal standard was isotope labeled (Glycine-13 C 2 , 15 N)-glutathione from Cambridge Isotope Laboratories Inc., Andover, MA). The GSSG internal standard was synthesized and prepared as described [13] with some modifications. The LC-MS/MS assay of GSH and GSSG were performed as previously described by New and Chan [14] . The analytical equipment consisted of Waters AcquityTM UPLC system (Waters, Milford, MA) with a binary solvent delivery system interfaced to Waters Micromass ® Quattro Premier™ XE benchtop tandem quadrupole mass spectrometer (Waters, Manchester, UK). The chromatography was performed on a 2.1 × 100 mm Waters Acquity™ HSS T3 (C18) column with a mobile phase (maintained at 50˚C) of 0.1% formic acid in water (solvent A) and 0.1% formic acid in acetonitrile (solvent B) with a flow rate of 0.45 ml/min . The run with solvent A was composed of an isocratic delivery of 1% solvent B for the first 2 min, a linear gradient from 1% -30% with solvent B over 1.5 min, and finally a second linear gradient from 30% -95% with solvent B over 1 min. The protein concentrations were determined by the bicinchonic acid (BCA) method [15] with an assay from Fisher Scientific (Oslo, Norway).
Preparation of Inside-Out Vesicles and Transport Experiments
Inside-out vesicles (IOVs) from HEK293 cells were essentially prepared as described earlier [16] with a cocktail of proteinase inhibitors; AEBSF, pepstatin A, E-64, bestatin, leupeptin and aprotinin (Sigma-Aldrich Co, Schnelldorf, Germany). The transport experiments were performed at 37˚ with [ 3 H]-cGMP (Perkin Elmer Inc., Boston, MA) combined with unlabelled cGMP (1.2 -7.2 µM), membrane vesicles, 10 mM MgCl 2 , PBS (pH 7.4) In absence or presence of 2 mM ATP. The uptake of cGMP was terminated after 30 min by addition of 10 ml ice-cold 30 mMNaF/0.5 mM Tris-HCl. The vesicles were sedimented (16,300 × g for 20 min at 4˚C), washed, resuspended in 1 ml water and frozen (16 h at −20˚C). After thawing and sedimentation (15,000 × g for 30 min at 4˚C), the radioactivity was determined in 0.8 ml of the supernatant mixed with 10 ml Ultima Gold XR scintillation Solution (Perkin Elmer Inc., Boston, MA) in a 1900 Packard liquid scintillation counter. The protein concentrations were determined by the coomassie blue method [17] using reagents from Bio-Rad laboratories (Oslo, Norway) with BSA (Sigma-Aldrich Co, Schnelldorf, Germany) as standard.
Calculation and Statistics
The IC 50 -values (concentration of SNP needed to reduce the total cell densities to 50% of baseline values) were calculated according to Chou [18] . The results are presented as mean value ± SEM (n = 3) if not stated otherwise.
Results
SNP Effects on Cell Growth, and Levels of cGMP, GSH and GSSG
SNP reduced cell densities in a concentration and time-dependent manner (Figure 1) . After daily exposure to SNP for five days an IC 50 value of 108 ± 63 µM was obtained. In absence of active agent cGMP in declined during the culture period from 26.9 ± 7.5 to 3.4 ± 0.3 pmol/10 7 cells. The levels after SNP-stimulation did also decline during this period (results not shown). Table 1 shows cGMP in 24 h after the last addition of SNP. Only the highest concentration was somewhat higher than the baseline value. This is compatible with the observation that the peak concentration of cGMP in occurs few minutes after SNP addition to rat lung fibroblasts and with declining levels afterwards [19] . The observation that the cGMP ex was 8 times higher than cGMP in shows an unidirectional extrusion of cGMP 24 after addition of 100 µM SNP ( Table 1 ). The accumulation of extracellular cGMP during the exposure period may explain why the fraction of surviving cell was inversely related to cGMP ex/in after 5 days (slope = −0.053 and intercept = 0.92, r = 0.99).
In a follow-up experiment IBMX was introduced to determine if and how the antiproliferative effect of SNP was modulated. The combination of SNP (10 µM) and IBMX (1000 µM) caused complete cell death after 5 days. Due to this, the data after three days were employed to obtain measurable cGMP in . Figure 2 shows that IBMX alone had a clear antiproliferative effect and potentiated the effect of SNP. In agreement with these observations IMBX alone or combined with SNP gave distinct increases of cGMP in ( Table 2 ). After addition of SNP a minor increase of cGMP ex/in was seen whereas IBMX alone and in combination with SNP gave a relative cGMP ex increase of 15 and 85, respectively. There may be two reasons for this effect. Firstly, increased substrate Figure 1 . After removal of old medium freshly prepared SNP (1 -100 µM) was added daily to HEK293 cells in culture. After 5 days the baseline cell densities had increased from 4 × 10 4 to 119 ± 12 × 10 4 cells/ml. The results are presented as mean value of cell densities from three time-independent experiments. Baseline (•), 1 µM (▲), 10 µM (▼) and 100 µM SNP (■). Table 1 . Freshly prepared SNP was added daily and the intra-and extracellular concentrations were determined 24 h after the addition. The respective extra-to intracellular concentration ratio was 6.5 ± 1.3. The results are presented as mean value ± SEM (n = 3) after 5 days with repeated SNP exposure. for the cGMP transporter due to intracellular PDE inhibition and secondly, reduced hydrolysis of cGMP ex by inhibition of extracellular PDEs released from dead cells. The extracellular IBMX levels were similar after the second (750 ± 19 µM) and third day (680 ± 52 µM). The intracellular IBMX concentrations after the second day were 85 ± 21 µM, based on a cellular volume (~1 µl/10 6 cells) as reported previously [11] . The addition of SNP had no distinct effect on the IBMX concentrations (results not shown). Glutathione (GSH) protects cells against oxidative stress which are created by SNP [20] . Since SNP consumes GSH during the formation of S-nitrosoglutathione the intracellular levels of GSH and GSSG were determined after repeated exposure to 100µM SNP. The respective base-line values of cellular GSH or GSSG after 5 days were 25 ± 4 and 0.10 ± 0.01 nmol/mg protein. This corresponds to a GSH/GSSG ratio of 260 ± 32. After exposure to 100 µM SNP the GSH levels were virtually unchanged (32 ± 2 nmol/mg protein) but with a clear increase in GSSG levels (0.39 ± 0.05 nmol/mg protein). The GSH/GSSG ratio declined to 84 ± 8.
Exogenously Added cGMP, Cell Growth, and Levels of cGMP, GSH and GSSG
In order to determine the ability to mimic the SNP effect on cell growth cGMP was added to the culture medium in concentrations up to 1000 µM since cell membranes are virtually impermeable for cyclic nucleotides from the ectoside at physiological concentrations. Figure 3 shows that cell proliferation was inhibited in a concentration-dependent manner by cGMP. The addition of 10 µM cGMP gave no distinct inhibition compared to baseline values of cell densities (Figure 3) or cGMP in ( Table 3) . After 5 days with cGMP added to the culture medium the cell densities were reduced to 63.3% ± 3.0% of the baseline values. An intracellular concentration of approximately 20 µM was obtained. In contrast to the experiments with SNP, addition of cGMP to the culture medium hampered the use of cGMP ex/in as a surrogate marker for cGMP efflux. In separate experiments we tested the ability of IBMX to modulate the effect of cGMP added to the culture medium. The cell cultures were supplemented with 1000 µM cGMP and/or 1000 µM IBMX daily. In order to compare these results with that of SNP in combination with IBMX (Figure 2) the cells were harvested after three days repeated exposure. Alone, cGMP and IBMX gave a cell density reduction of approximately 10% and 40%, respectively. However, a synergistic effect occurred when cGMP and IBMX were combined with a reduction in cell densities of about 85% ( Table 4) . Similar values for cGMP in and cGMP ex/in were observed in the two time-independent experimental series for baseline and IBMX series (Tables 2 and 4) . The presence of IBMX increased cGMP in and cGMP ex with approximately 140% and 400%, respectively. The IBMX concentrations in the culture medium were similar in the absence (750 ± 68 µM) and presence of cGMP (820 ± 73 µM).
The GSH levels were not affected after five days exposure to 1000 µM cGMP. The baseline levels and the levels after addition of cGMP were 25 ± 4 and 28 ± 4 nmol/mg protein, respectively. The concentrations of GSSG in absence (0.10 ± 0.01 nmol/mg protein) and presence of exogenously added cGMP (0.15 ± 0.04 nmol/ mg protein) showed no clear difference. In agreement with these observations, no difference between baseline GSH/GSSG ratios (260 ± 32) and after cGMP exposure (220 ± 54) was detected.
Cyclic GMP Efflux from HEK293 Cells
The baseline transmembrane cGMP concentration ratios ranged from 1.4 to 2.6 compatible with active transport out of cells. IOVs from the HEK293 cells were employed to characterize this process. The uptake of [ 3 H]-cGMP was ATP-dependent and saturable with a K m of 2.3 ± 0.6 µM and V max of 1.1 ± 0.1 dpm/µg protein/min (mean value ± SEM, n = 3). This observation is compatible with one class of high affinity transporters.
Discussion
The present study showed that SNP was a potent anti-proliferative agent for HEK2933 cells. It modulates various key enzymes including sGC, PLC, PKC or PI3K. In addition these substances cause s-nitrosylation of intracellular proteins and have direct effects on gene expression, for review see [1] . The sGC pathway has been demonstrated by several in vitro studies wherein SNP and other sGC-stimulating agents inhibited the growth of VSMC in a dose dependent manner [2] - [5] . The peak concentration of cGMP after SNP stimulation of rat lung fibroblasts occurred after 3 -5 min and then diminished [19] . In the present study the intracellular cGMP levels were measured 24 h after addition of SNP and it was not surprising that cGMP in had decreased and was similar to baseline values ( Table 1 ) due to cellular cGMP efflux which is a unidirectional energy-dependent process with a low and high K m component [21] . In HEK293 cells high K m cyclic nucleotide transport has been reported between 20 and 600 µM [11] but this is the first report on low K m transport, as far as we know. The calculated K m value for cGMP transport was identical to that reported for cellular export of cGMP mediated by MRP5 [10] . The unidirectional transport may explain why cGMP ex/in was inversely related to the fraction of surviving cells after stimulation with SNP. Extracellular cGMP has been reported to be a sensitive marker for sGC stimulation in platelets [22] .
The estimated intracellular baseline concentrations after five days were 0.2 -0.5 µM. These values represent the sum of unbound and target bound signal molecule and make sense since the affinities for PDEs and protein kinase G range from 0.02 to 3 µM [23] . In the present study only 2% -4% of cGMP in the highest added concentrations (100 -1000 µM) gave distinct elevations of intracellular levels. In human erythrocytes approximate- ly 2% were recovered after loading the cells with 900 µM [24] . In contrast to the time course of cGMP in after SNP exposure the concentrations build up over several hours after exogenously added nucleotide with a maximal level late in the "dose interval" as indicated for human erythrocytes [24] . The difference in time course may explain why cGMP in was 0.4 -0.5 µM after SNP exposure and 0.7 -20 µM after exogenously added cGMP (Tables 1 and 3) .
The observation that IBMX reinforced the action of SNP and cGMP agrees with the idea that cGMP is able to promote growth inhibition in non-malignant cells. IBMX is a non-specific PDE-inhibitor [25] but was employed since it is a much weaker high affinity cGMP transport inhibitor [26] than sildenafil [27] . The cellular uptake of IBMX gave intracellular concentrations (≈100 µM) clearly above those needed for inhibition of PDE 1 -7 and PDE 10 -11 with IC 50 -values 1 -80 µM [25] . Accordingly, an effective inhibition of PDE activity by IBMX was observed with considerable elevation of cGMP in (Tables 2 and 4) . The presence of IBMX caused a disproportionate increase of cGMP ex compared to cGMP in . Inhibition of PDEs released from dead cells in the growth medium may account for this.
Several cGMP independent mechanisms have been reported for SNP action [28] - [31] , among which the formation of S-nitrosoglutathione induces apoptosis [20] . The present observation that GSSG level increased and GSH/GSSG declined after exposure to SNP but not after addition of cGMP, supports such mechanism. However, the ultimate clinical effect of nitric oxide donors is still a puzzle, and the balance between desired and unwanted /adverse effects is still unsettled [1] .
